Aims. The aim of this study is a detailed abundance analysis of the newly discovered r-rich star HE 1405−0822, which has [Fe/H] = −2.40. This star shows enhancements of both r-and s-elements , [Ba/Fe] = +1.95 and [Eu/Fe] = 1.54, for which reason it is called r+s star. Methods. Stellar parameters and element abundances were determined by analying high-quality VLT/UVES spectra. We used Fe I line excitation equilibria to derive the effective temperature. The surface gravity was calculated from the Fe i/Fe ii and Ti i/Ti ii equilibria. Results. We determined accurate abundances for 39 elements, including 19 neutron-capture elements. HE 1405−0822 is a red giant. Its strong enhancements of C, N, and s-elements are the consequence of enrichment by a former AGB companion with an initial mass of less than 3 M ⊙ . The heavy n-capture element abundances (including Eu, Yb, and Hf) seen in HE 1405−0822 do not agree with the r-process pattern seen in strongly r-process-enhanced stars. We discuss possible enrichment scenarios for this star. The enhanced α elements can be explained as the result of enrichment by supernovae of type II. Na and Mg may have partly been synthesized in a former AGB companion, when the primary 22 Ne acted as a neutron poison in the 13 C-pocket.
Introduction
Elements beyond the iron group are believed to be mostly synthesized through neutron-capture (n-capture hereafter) processes, which consist of the rapid (r-) and the slow (s-) process. These are distinguished by the timescales for neutron captures relative to the β-decay timescales of the resulting nuclei (Burbidge et al. 1957) . The s-process is generally assumed to take place in the asymptotic giant branch (AGB) phase of stars of low or intermediate mass. However, Pignatari et al. (2008) suggested that in metal-poor, fast-rotating stars (hereafter spin stars), the efficiency of the s-process is high enough to produce the strong overabundances of Sr, Y, and Zr observed in extremely metal-poor halo stars ([Fe/H] < −3.0) 1 , where the AGB stars do not have time to contribute. Using models of extremely metalpoor spin stars, Chiappini et al. (2011) 1 The standard spectroscopic notation is used, i.e., [X/H] = log 10 (N X /N H ) ⋆ − log 10 (N X /N H ) ⊙ , where N X is the number density of atoms of the element X. lar cluster of the Milky Way. This large scatter is also seen in the most metal-poor halo stars.
Some explosive astrophysical events are usually accompanied by synthesis of the r-process elements, but the exact site(s) of this process is still unclear (Sneden et al. 2008) . Several possibilities have been suggested, including prompt explosions of core-collapse (Type II/Ibc) supernovae (Wanajo et al. 2003) , neutron star mergers (Lattimer et al. 1977; Rosswog et al. 1999; Freiburghaus et al. 1999) , neutrino-driven winds (Woosley et al. 1994; Wanajo et al. 2001) , the accretion-induced collapse mechanism (AIC, Cohen et al. 2003) , and Type 1.5 supernovae (Iben & Renzini 1983; Zijlstra 2004) . More observational studies of r-process-enriched stars may shed light on this research field.
Recent studies indicate that there may be two separate rprocesses, which are referred to as the main r-process, which is responsible for the creation of heavy n-capture elements with Z ≥ 56 (Truran et al. 2002; Sneden et al. 2003) , and a weak rprocess for the light n-capture elements with Z < 56 (Kratz et al. 2007; . In the strongly r-process enhanced stars, i.e. stars with [Eu/Fe] > +1.0 and [Ba/Eu] < 0, (hereafter r-II stars, , the abundance distribution of heavy n-capture elements does not vary significantly from star to star, and it agrees very well with the scaled solar system r-process distribution. Up to now, about ten r-II stars have been discovered, including CS 22892−052 (Sneden et al. 2003 , CS 31082−001 (Hill et al. 2002 ), CS 31078-018 Lai et al. (2008 , HD 221170 Sneden et al. 2009 ), BD+17
• 3248 (Cowan et al. , 2011 Roederer et al. 2010b) , CS 22953−003 (François et al. 2007) , HE 1523−0901 (Frebel et al. 2007 ), HD 115444 (Westin et al. 2000; Sneden et al. 2009; Hansen & Primas 2011) , CS 29491−069 (Hayek et al. 2009 ), HE 1219−0312 (Hayek et al. 2009 ), and HE 2327−5642 (Mashonkina et al. 2010) . Studies on these r-II stars confirmed the universal pattern of the main r-process (Cowan et al. 2011) .
Unlike the main r-process pattern seen in r-II stars, there are significant deviations between the light n-capture elements (37 ≤ Z ≤ 47, i.e., from Rb to Ag) in r-II stars and the scaled solar system r-process pattern. This implies that multiple r-process sites (Wasserburg et al. 1996; or the same corecollapse supernovae but different epochs or regions (Cameron 2001 (Cameron , 2003 are probably responsible for the solar r-process distribution. Some r-process-poor stars, such as HD 122563 and HD 88609, show a high excess of light n-capture elements (e.g., Sr, Y and Zr), but no enrichment of the heavy ones (e.g., Ba, Eu), which indicates that the weak r-process plays a dominant role in producing their abundance patterns (Honda et al. 2006 (Honda et al. , 2007 Izutani et al. 2009 ). In fact, a combination of processes, such as the weak r-process and the main r-process, is more efficient in reproducing the observed abundances of light n-capture elements for many such types of stars Roederer et al. 2010b,a; Arcones & Montes 2011; Cowan et al. 2011) . Though the n-capture element distribution in CS 22892−052 is not similar to that of most metal-poor stars, Cowan et al. (2011) points out that the r-process enrichment in the early Galaxy is common because of the presence of Sr, Ba, etc. in nearly all metal-poor stars that do not show s-process enhancements.
Some metal-poor s-rich stars at the same time show a strong enrichment of Eu and other heavy neutron-capture elements, which in the solar system are predominantly produced by the r-process. These stars are commonly referred to as r+s stars . Their s-process enrichment is usually attributed to mass transfer (by wind accretion or Roche-lobe overflow) from a former AGB companion, which now most likely is a white dwarf. In fact, many srich stars have been found to be binaries (McClure et al. 1980; McClure & Woodsworth 1990; North et al. 2000; Barbuy et al. 2005; Lucatello et al. 2006 Lucatello et al. , 2009 . A variety of scenarios for explaining the abundance patterns of r+s stars have been suggested (see, e.g., Jonsell et al. 2006 , and references therein), but so far, none of them can coherently explain all observational phenomena. Studies of additional r+s stars may shed some lights on the general questions about the r-and s-processes, such as the site or sites of the r-process and the relative contribution of these two processes under metal-poor conditions.
To identify and study strongly r-process enhanced metalpoor stars, i.e., r-II stars, the Hamburg/ESO R-process Enhanced Star survey (HERES) has been carried out (Christlieb et al. 2004) . First, the metal-poor candidates were selected in the digital spectra database of the Hamburg/ESO objective-prism survey (HES; Wisotzki et al. 2000) . A detailed description of the selection method and the method with which the metal-poor nature of these candidates was confirmed based on their moderateresolution (∆λ ∼ 2 Å) follow-up spectroscopy can be found in Christlieb et al. (2008) . During the course of HERES, "snapshot" spectra (i.e., spectra with R = λ/∆λ = 20, 000 and a typical signal-to-noise ratio of S /N = 50) were obtained with the Very Large Telescope (VLT) Unit Telescope 2 (UT2) and the Ultraviolet-Visual Echelle Spectrograph (UVES) for several hundred confirmed metal-poor stars. HE 1405−0822, the star studied here, is one of them. It is a red giant star with a metallicity of [Fe/H] ∼ −2.4, in which Eu and Ba are both enhanced. Therefore, higher quality spectra of this star were obtained with VLT/UVES (for details, see Sect. 2). Our detailed abundance analysis is based on these spectra.
Observations and data reduction
Astrometry and photometry of HE 1405−0822 are listed in Table 1 ; the photometry was taken from Beers et al. (2007) . High-quality spectra of this object were obtained during the night of 22 March 2005 with VLT-UT2 and UVES in dichroic mode. The standard setting BLUE346+RED580 was used, resulting in a spectral coverage of 3046-3863 Å in the blue arm, and 4781-6809 Å in the red arm, with a gap between the two CCD detectors causing a gap in wavelength coverage of 5757-5833 Å. Each spectrum has an exposure time of about 1hr, and the total is 5hr. The slit width in both arms was set to 0.8 ′′ , so that a resolving power of R = 40 000 was achieved. In the wavelength gap from 3850 Å to 4795 Å we used the snapshot spectrum, which was obtained with VLT/UVES on 3 May 2003. 
The geocentric radial velocities of the individual spectra were determined by fitting Gaussian profiles to ∼ 10 moderately strong, clean lines. Then the spectra were shifted to the rest frame. The individual higher-resolution spectra were coadded in an iterative procedure, in which pixels affected by cosmicray hits or CCD defects were rejected by κσ-clipping. The final coadded spectrum was obtained by computing the weighted mean of the individual spectra. In this coadded spectrum, the average signal-to-noise ratio per pixel is S /N ∼ 34 from 3200 to 3800 Å at Blue arm. The red-arm spectrum has S /N > 100 per pixel throughout the covered wavelength range from 4800 to 6700 Å. The snapshot spectrum has S /N ∼ 50 per pixel at 4100 Å.
The barycentric radial velocities of HE 1405−0822 and the observation epochs are listed in Table 2 . The difference of the radial velocity between the snapshot spectrum, acquired at MJD = 52762.213, and the higher-resolution spectra obtained 659 days later, is about 19 km/s. This highly significant radial velocity variation is a strong indication that HE 1405−0822 is a member of a binary system. Radial velocity monitoring over several years will be needed to determine the period and orbital parameters of the system.
Abundance analysis
Our abundance analysis was carried out in local thermodynamic equilibrium (LTE) conditions. Most of the Fe-peak and α abun- dances were determined by means of equivalent width measurements. The analysis was restricted to lines with equivalent widths more narrow than 100 mÅ to avoid saturated lines and potential fitting errors of Gaussian line profiles due to damping wings that begin to appear at approximately this line strength. For the other elements, the spectrum synthesis method was used, employing the current version of the spectrum synthesis code (turbospectrum; Alvarez & Plez 1998 ). The snapshot spectrum was used only for the abundances of crucial lines (e.g., Sr, CH, CN, Eu), which are not present in the high-resolution UVES spectrum. The abundance error is large for the snapshot spectrum for a given S/N because of the lower resolution.
Stellar parameters and model atmosphere
An initial estimate of T eff was determined from broad-band optical and near-infrared colors, using the calibrations of Alonso et al. (1996) for [Fe/H] = −2.0. The transformation of 2MASS to TCS photometric system was the same as was used in Sivarani et al. (2004) . We adopted a reddening of E(B − V) = 0.037 (Schlegel et al. 1998) . The resulting effective temperatures were used as an initial guess for the optimization routine, as in Barklem et al. (2005) . We additionally refined the estimate using the line analysis procedure for the Fe I and Ti I lines.
The optimization routine by Barklem et al. (2005) assumes an empirical relation for the microturbulence at various log g. The method does not independently estimate T eff and log g. It finds a minimum chi-square solution by fitting several weak metallic lines. However, the lines that are sensitive to log g are strong neutral and ionized lines. Hence there is a possibility of degeneracy between T eff and log g. Therefore our additional refinement was to independently estimate T eff , log g, and the microturbulence velocity using the Fe I and Ti I lines. T eff was estimated from the Fe I and Ti I lines. T eff was determined from the Fe I lines by choosing a T eff that does gives no trend between the derived Fe abundance and its lower excitation potential of the Fe I line. There are very few Ti lines, however, therefore we used the Ti I lines only for a consistency check. The values obtained with the different methods are listed in Table 3 . The surface gravity was derived from the Fe I/Fe II ionization equilibrium, and a consistency check was made using Ti I/Ti II ionization equilibrium. The microturbulence was determined by requiring that the abundances derived from the Fe I lines be independent of the measured equivalent widths.
We employed OSMARCS model atmospheres (see Gustafsson et al. 2003 and references therein) . Because overabundances of C, N, and O may modify the temperature and density structure of the atmosphere, we used a model atmosphere tailored for HE 1405−0822, taking into account its enhancement in carbon, nitrogen, and oxygen. 
Line selection and atomic data
We used the CH nd CN molecular line list compiled by Plez et al. (2005) . The NH and C 2 molecular line lists were taken from the Kurucz database 2 . The line data for Pb were taken from Van Eck et al. (2003) . McWilliam et al. (1995) pointed out that hyperfine splitting (HFS hereafter) has the effect of desaturating strong lines. Hence it is very important to perform HFS for strong lines. We included HFS and isotopic fractions as given in Van Eck et al. (2003) . We detected seven Ba II lines. We adopted the HFS provided by . The Eu line list is the same as in Mucciarelli et al. (2008) , who adopted the values from Lawler et al. (2001c) . We also checked the difference between the HFS provided by Kurucz (1993) and Lawler et al. (2001c) . The derived abundances agreed well. The g f values of the La lines were taken from Lawler et al. (2001a) , and the HFS provided by Ivans et al. (2006) were also considered. According to McWilliam et al. (1995) , HFS is important for any La lines with equivalent widths (EW) greater than log 10 (EW/λ) > −5.6. Hence many of the lines used are probably affected by HFS. The atomic data for the other lines comes from the Vienna Atomic Line Database (VALD). The HFS of Pr and Yb lines provided by Ivarsson et al. (2001) , Sneden et al. (2009 ), Yb, Biémont et al. (1998 , and Sneden et al. (2009) , respectively were also adopted. The Yb II abundances are based on the 3694.192 Å line. We did not use the Yb II 3289.367 Å line, because it shows blending from other atomic lines (e.g. V II and Fe II). We derived the Ce, Nd, and Y abundances from weak narrow lines. They probably have no significantly resolved structure because of HFS at the observed spectral resolution.
The selected lines are listed in Table 5 , 6 (Online material), along with the transition information and references to the adopted g f −values.
Abundance results
We derived abundances for 39 elements. When elemental abundances for a species were derived from multiple lines, we adopted the the error of the mean (i.e., σ log (ǫ) / √ (N)) as the uncertainty of the abundance measurement of the species. For the spectrum synthesis measurement, we estimated an the uncertainty based on the Cayrel formula (Cayrel 1988) , yielding 0.02-0.12 dex at the S /N of the red and blue spectrum, respectively, and 0.2 dex for lines detected only in the snapshot spectrum. The total errors in [X/Fe] for each element are about 0.02-0.30 dex, taking into account uncertainties of 150 K in T eff , and 0.5 dex in log g, which were estimated using a weighted mean of the various estimates listed in table 3. In Table 4 we list the mean abundances (log ε), the mean errors(σ log ε ), the number of lines used to determine the mean abundances, and the abundances relative to iron ([X/Fe]). We adopted the solar abundance of Grevesse & Sauval (1998) .
Abundance pattern of HE 1405−0822
5.1. n-capture elements HD 224959, or HD 196944 (Van Eck et al. 2001) . This means that the efficiency of the 13 C-pocket is not high enough to provide sufficient neutrons for a large number of Pb nuclei, which are close to the termination point of the s-process path. In addition, because the 22 Ne neutron source mainly contributes to the first s-process peak, the negative [Sr/Fe] ratio in HE 1405−0822 indicates that its former AGB companion probably had a relatively low mass of M < 3 M ⊙ (Bisterzo et al. 2010) or M < 4 M ⊙ (Karakas & Lattanzio 2007) , where the 22 Ne neutron source works only marginally for the s-process during the thermal pulses during the AGB phase.
Possible formation mechanism
We compared the observed abundance distribution of HE 1405−0822 with the results of theoretical r-and sprocess nucleosynthesis calculations. We used the parametric model for metal-poor stars presented by Zhang et al. (2006) and developed by Cui et al. (2007) and Cui et al. (2010) . In the model, we calculated the envelope abundance N i of the ith element as follows:
where Z is the metallicity of the star, N i, s and N i, r are the abundance of the ith element produced by the s-and r-process (per Si = 10 6 at Z = Z ⊙ ) and C s and C r are the component coefficients representing the contributions of the s-and the rprocess. We assumed that HE 1405−0822 formed from a gas cloud that was enriched by an r-process nucleosynthesis event. Thus, the scaled solar r-element abundance was adopted as the initial abundance N i, r . N i, s was calculated from the parametric model by means of an extensive reaction network described earlier (Liang et al. 2000 ). Because in s-rich stars the weak rprocess only marginally contributes to the production of light ncapture elements such as Sr, Y, and Zr. (Liang et al. 2012 ) compared with the s-process, we ignored the weak r-process contribution in this work.
In Figure 2 ST refers to the standard case of the 13 C-pocket including about 3.0 × 10 −6 M ⊙ of 13 C and 9.0 × 10 −8 M ⊙ of 14 N adopted by Gallino et al. (1998) , which can reproduce the s-process main component of the solar system using an AGB model with Z ⊙ /2. The parameter dil is the dilution factor; i.e., the degree of dilution of the AGB material after accretion by the lower-mass companion in a binary system. This low-mass companion is the star that we observe today. [r/Fe] is the degree of initial r-process enrichment in the gas cloud from which the binary formed.
From Figure 2 we can see that most of the 19 observed heavy neutron-capture elements agree with our theoretical predictions within the measurement uncertainties of the abundances. The sprocess ratios observed in HE 1405−0822, [Pb/hs] = 0.59 and [hs/ls] = 1.16, also agree with the predictions of the parametric method within the errors; these predictions are [Pb/hs] = 0.69 and [hs/ls] = 1.21. This strongly supports the reliability of our obtained nucleosynthesis parameters, i.e., the neutron exposure per thermal pulse ∆τ = 0.69 mbarn −1 , the overlap factor r = 0.49, the component coefficient of the s-process C s = 0.00095, and the component coefficient of the r-process C r = 8.7, where the overlap factor r is the fraction of material in the He intershell of an AGB star that still has to experience subsequent neutron exposures. C r and C s are the component coefficients that correspond to the s-and r-process contributions.
The mean neutron exposure for HE 1405−0822 is τ 0 = 1.81(T 9 /0.348) 1/2 , where T 9 = 0.1 (in units of 10 9 K). Käppeler et al. (1989) found τ 0 = 0.30(T 9 /0.348) 1/2 when they fit the solar main component. Based on the primary nature of the 13 C source, Gallino et al. (1998) found a maximum neutron exposure of 0.40-0.45 mbarn −1 with their standard AGB model, which can reproduce the solar s-process distribution well. Furthermore, they also pointed out that the average s-process efficiency will indeed increase toward lower metallicity, which is mainly due to the decreasing iron abundance, and therefore higher neutron-to-seed ratio. The values of ∆τ and τ 0 for HE 1405−0822 are significantly higher than those for the solar system. This can naturally explain why the enrichment of the sprocess material in HE 1405−0822 is significantly stronger than in the solar system.
The overlap factor for HE 1405−0822, r = 0.49, lies in the range of r ∼ 0.4-0.7 found by Gallino et al. (1998) , using their standard low-mass AGB model at solar metallicity. Using an sprocess parametric model without adopting any specific stellar model, Aoki et al. (2001) reported a neutron exposure per pulse of about 0.7-0.8 mbarn −1 , and a small overlap factor of ∼ 0.1 for two carbon-rich metal-poor r+s stars, LP 625−44 and LP 706−7, with [Fe/H] = −2.7. That is, these two stars have similar values of the neutron exposure per pulse as HE 1405−0822, but significantly lower values of the overlap factor than HE 1405−0822. Aoki et al. (2001) proposed a new mechanism for the s-process, a single neutron-exposure event. They found that during the first neutron exposure almost all elements except Pb can be produced in their parametric model. Even the Pb abundance can be reproduced after about three recurring neutron exposures, which corresponds to a small overlap factor of r 0.2. In conclusion, a single neutron-exposure event of the s-process for HE 1405−0822 can be excluded.
Because HE 1405−0822 is in its red giant evolution phase, the s-elements cannot be synthesized by themselves. Instead, the s-elements were probably synthesized by its former AGB companion in a binary system and were then transferred to its surface by a stellar wind. The component coefficient of the s-process, C s = 0.00095, is very small. Therefore, the binary system probably had a long orbital period, which results in a small amount of material that is accreted.
Regarding the origin of the r-process component of the abundance pattern of HE 1405−0822, the accretion-induced collapse mechanism Cohen et al. 2003) can be excluded for a long orbital period, because it makes the opposite mass accretion difficult to imagine, i.e. the white dwarfs (the remnant of its AGB companion) accreting material from the secondary star observed now. Interestingly, our parametric calculation fitted almost all r-process element abundances such as Gd (r-process fraction in the solar system 82 %; Burris et al. 2000) , Tb (94 %), Dy (88 %), Er (84 %), and Lu (79 %), but underestimated the Eu (97 %) and Yb (68%) abundance. The predictions of low-mass AGB model (Bisterzo et al. 2010 ) with two different initial masses (see dashed and dotted lines) where the r-process pre-enrichment scenario (formed from a cloud which have been polluted by SNe of type II) were adopted are also plotted in Figure 2 for comparison. For the low-mass AGB model calculation, the r-element pre-enriched mechanism was adopted, that is, we adopted solar r-element abundances, which scaled to Eu of HE 1405−0822 as the initial model values. From Figure 2 we can see that most r-process elements of HE 1405−0822 are overestimated except for Eu and Yb. We adopted the solar r-process pattern to calculate the main r-process contribution in all model calculations discussed above. However, the abundance pattern of the r-process contribution in HE 1405−0822 is inconsistent with the scaled solar pattern, therefore it is also inconsistent with the universal pattern observed in r-II stars (Sneden et al. 2008, and references therein) . This is in stark contrast to what was found for instance in the r+s star HE 0338−3945 . Compared with the solar r-process pattern, the incongruously high Eu abundance of HE 1405−0822 relative to other second-r-process-peak elements such as Gd and Tb may be caused by observational uncertainties. If this is not the case, a more complex origin for the r-process is implied, especially for the r+s stars. Lugaro et al. (2012) studied many CEMP-s and CEMP-r+s stars with their detailed AGB evolution models. They found that the r-process pre-enrichment scenario mainly have three problems for explaining the formation of CEMP-r+s stars. (1), They were unable to reproduce the linear correlation observed between Ba and Eu enrichments in the currently known sample of CEMP-r+s stars, because the initial [r/Fe] value does not affect the final [Ba/Fe] value in an AGB model. In other words, in the pre-enrichment scenario the two independent nucleosynthesis processes (i.e., r-and s-process) who do not affect each other cannot reproduce the Ba-Eu-enrichments correlation in CEMPr+s stars. (2), It is difficult to explain the smaller number of r-II stars (about 10) compared with CEMP-r+s stars (about 30), because in this scenario CEMP-r+s stars should be formed from r-II stars. (3), Because of the similar r-elements origin in this scenario for r-II and CEMP-r+s stars, the different metallicity distribution of r-II stars at [Fe/H]≃ −2.8 and CEMP-r+s stars at [Fe/H]≃ −2.5 is difficult to explain. Thus, they argued that the r-process seen in r+s stars is different from that observed in r-II stars, and that even the results of s-process nucleosynthesis seen in r+s stars is different from that seen in CEMP-s stars because of their typically higher Ba abundances. Because the pre-enrichment scenario seems difficult to determine the origin of the r-elements in r+s stars, some other forms of nucleosynthesis must be responsible. To explain this, Lugaro et al. (2012) assumed an "s/r" neutron-capture process, which they described as a single process with features that are similar to or an addition of the s-and r-process. If this is true, it should produce the positive correlations between Ba and Eu abundances in r+s stars and possibly r-process patterns different from that of the Sun. However, this hypothesis still needs theoretical confirmation. These authors also considered a model involving a stable triple stellar system (for details see Jonsell et al. 2006) , despite the unstability problem of the dynamics and the low occurrence likelihood. In the triple system, the primary exploded as an SNe of type II (hereafter SN II) and produced r-elements, and the other companion polluted the observed star during its AGB phase with s-rich material. Such scenarios may offer a solution for the rprocess origin of HE 1405−0822. We also cannot exclude the scenario in which the binary system formed from a gas cloud that was enriched with r-process material. But this would imply that the enrichment event would have resulted in an abundance pattern that at least in some cases is different from the r-process pattern seen in the Sun and r-II stars.
We did not include NLTE corrections for any of the neutron-capture elements, but many lines used in the analysis may need NLTE corrections. For Sr II line 4077 Å, based on Bergemann et al. (2012) and Belyakova & Mashonkina (1997) , we found that the NLTE corrections for HE 1405−0822 is about -0.01 dex. However, Mashonkina & Gehren (2000) reported positive NLTE corrections for the Eu II resonance line at 4129 Å and the subordinate line at 6645 Å, which was confirmed by Asplund (2005) . Based on Mashonkina et al. (2012) , the NLTE corrections for the Eu II lines 4129 and 4205 Å of HE 1405−0822 are probably about 0.1 dex . The NLTE corrections for Pb I is very high, 0.5-0.6 dex (Mashonkina et al. 2012 ).
Elements up to the iron peak
Like many other r+s stars, HE 1405−0822 also exhibits strong enhancements of carbon, nitrogen, and oxygen. In this star, sodium and magnesium are also enhanced. Because we cannot calculate the abundances of the elements up to the iron peak with our parametric method for the s-process, we only compared the observed abundances with the AGB model yields of Bisterzo et al. (2010) and the observed abundances of CS 22892−052 (Sneden et al. 2003 ) which normalized to the iron abundance of HE 1405−0822.
CS 22892−052 is an r-II star. Its heavy neutron-captureelement (Z ≥ 56) abundances agree well with a scaled solar r-process abundance pattern. Generally, SN II are thought to be responsible for the production of heavy r-process pattern, because of the low metallicities ([Fe/H] ∼ 3.0) of the observed r-II stars, which indicates that the r-process sites must be short-lived and have evolved rapidly, so that the interstellar medium (ISM) could be enriched in r-elements prior to the formation of the r-II stars. Indeed, the enhanced α-elements such as O, Mg, and Si in CS 22892−052 are thought to be generated by the pollution by SN II. From Figure 3 we can see that the observed abundances of the elements from Ca to Zn in HE 1405−0822 agree well with the scaled ones of CS 22892−052 and also with the predictions of Bisterzo et al. (2010) . This means that the abundances of these elements did not change during the evolution of the binary system, but remained at the values of ISM at the time when and location where HE 1405−0822 formed.
From Figure 3 we can see that neither the AGB model predictions nor the scaled abundances of CS 22892−052 fit the carbon, nitrogen, and oxygen abundances of HE 1405−0822 well. For the C and N abundances of CS 22892−052 and HE 1405−0822, both CH and CN features were used. The AGB models of Bisterzo et al. (2010) often overestimate the carbon and oxygen abundance and underestimate the nitrogen abundance compared with stars that enriched in neutron-capture elements (Bisterzo et al. 2011) . This may be due to the model itself, for instance for the incorrect yields of C, N, and O, or the uncertainty of the observed abundances. Due to the strong temperature sensitivity of CH and CN molecular lines, the uncertainty of the derived molecular-based C and N abundances is large at low metallicity. 3D corrections for C and N can reach about −0.5 to −0.3 dex at low metallicity (Asplund & García Pérez 2001; Asplund 2004 ). However, since the magnitudes of the 3D corrections of these two elements are roughly the same, the C/N ratio is probably not strongly affected. We recall that the 3D corrections are themselves highly model-dependent and highly uncertain at present. In HE 1405−0822, this ratio is C/N = 14, which strongly suggests that hot-bottom burning (HBB) did not occur in the former AGB companion, because if HBB had occured, the observed C/N ratio would be a constant 1/15 (McSaveney et al. 2007) or 1/10 (Herwig 2004). Using detailed evolution models of AGB stars, Karakas & Lattanzio (2007) showed that the lowest mass limit is between 2.5 and 3 M ⊙ , where HBB could set in around [Fe/H] = −2.3. This is consistent with the low-mass estimate for the former AGB companion of HE 1405−0822 presented in Sect. 5.1 and Sect. 5.2.
Non-LTE effects of UV OH molecular line formation may be strong, but NLTE corrections are not available. 3D effects and missing line opacities are thought be an important uncertainty in deriving an abundance from UV-OH lines. García Pérez et al. (2006), however, found a good agreement between the oxygen abundance derived from [O I] and UV-OH lines. According to Herwig (2004) and Sivarani et al. (2006) , low-mass AGB also produce some oxygen, which does not change the initial oxygen abundance significantly at higher metallicities. Furthermore, it could increase the oxygen abundances for low metallicity stars. But we can from figure 3 see that the high oxygen abundance of HE 1405−0822 can be reached neither by CS 22892−052 nor by AGB predictions (Bisterzo et al. 2011) . OH lines were used here for the oxygen abundances of HE 1405−0822, while Sneden et al. (2003) used the [O I] 6300 feature for CS 22892−052. High oxygen abundance is also seen in many r+s stars (Masseron et al. 2010) . For the dilution effect, Cui et al. (2010) We also found sodium and magnesium to be enhanced in HE 1405−0822, i.e. [Na/Fe] = 0.73 and [Mg/Fe] = 0.41. For Na and Mg the observations and AGB model predictions in Figure 3 match well. The scaled Mg abundance of CS 22892−052 agrees well with the Mg abundance of HE 1405−0822, but this is not the case for Na. Again, we need to consider NLTE corrections before we can draw any conclusions. The Na D lines (λ5889 and λ5895) are significantly affected by NLTE, which are used in the present work as well for CS 22898-052. For Mg abundances, there are at least three common Mg I features used for both HE 1405−0822 and CS 22892−052. In metal-poor stars, typical corrections for Na are about −0.3 dex (Andrievsky et al. 2007) , and for Mg about +0.2 dex Andrievsky et al. 2010) . Since the stellar parameters are similar for CS 22892−052 and HE 1405−0822, the NLTE corrections of Na and Mg are probably also similar for these two stars.
Even taking into account typical NLTE corrections, the enhancement of Na and Mg in HE 1405−0822 could still be explained by mass transfer from a lower-mass AGB companion, where the primary 22 Ne mainly operated as a neutron poison in the 13 C-pocket. In low-mass AGB stars of low metallicity ([Fe/H] < −1.0), a primary production of Na and Mg can be generated by the reactions 22 Ne(n,γ) 23 Na, and then 23 Na(n,γ) 24 Mg, 22 Ne(α,n) 25 Mg, 22 Ne(α,γ) 26 Mg (Mowlavi 1999; Gallino et al. 2006) . The primary production of 22 Ne in- In HE 1405−0822, Al is strongly underabundant; [Al/Fe] = −0.99. The NLTE correction is expected to be about 0.15 dex (Andrievsky et al. 2008 ). If applied, the Al abundance would match the theoretical prediction of an AGB model with M = 1.4 M ⊙ (Bisterzo et al. 2010) . The low abundance of Al also supports our assumption, i.e. a low-mass former AGB companion of HE 1405−0822, which contributed little primary Al (Karakas & Lattanzio 2007) . This means that the observed Al probably also comes from the ISM at the time and place where HE 1405−0822 formed.
The differences between the Si abundances of HE 1405−0822, the scaled abundances of CS 22892−052, and the AGB model predictions (see Figure 3 ) cannot be explained by the small negative NLTE correction of about −0.05 dex determined by Shi et al. (2009 Shi et al. ( , 2011 
Conclusions
We have analyzed high-quality VLT/UVES spectra of HE 1405−0822 and derived accurate abundances for 39 elements, including 19 neutron-capture elements. HE 1405−0822 shows strong enhancement in both the r-process and sprocess elements (e.g., [Eu/Fe] = 1.54, [Ba/Fe] = 1.95, and [Pb/Fe] = 2.3), therefore we confirm that it is an r+s star.
We discussed several scenarios for the origin of the abundance pattern of HE 1405−0822, taking into account the possible influence of NLTE and 3D corrections on the interpretation of our results.
Because HE 1405−0822 is in its red giant evolutionary phase, it cannot produced its strong enhancement of C, N, and s-elements by itself. Instead, it is very likely that these enhancements were produced in a formerly more massive companion during its AGB phase and were transferred to the surface of the star that we observe today. The binarity of HE 1405−0822 is confirmed by the fact that the star shows significant radial velocity variations. Combining the enriched s-process material and significant radial velocity variations of HE 1405−0822, its pre-AGB companion probably is a white dwarf now. However, excess UV-flux measurements are also needed to confirm this. In addition, we also need long-term radial velocity monitoring to confirm its binary nature, and to determine its orbital period and parameters.
Neither the scaled solar s-process pattern nor the scaled solar r-process pattern match the observed abundance pattern of HE 1405−0822 well. We compared the abundance pattern with predictions of our parametric method Cui et al. 2010 ) and two AGB model yields of Bisterzo et al. (2010) . In both cases, the Pb to heavy s-process element ratio of this star ([Pb/hs] = 0.59) and the heavy-to-light s-process el-ement ratio ([hs/ls] = 1.16) can be reproduced by the models. This strongly supports the reliability of the s-process calculations considered in this work. The parameter fits of the models yield the result that the AGB companion probably is a star with relatively low initial mass, about ≤ 2 M ⊙ . This is supported by the low Sr/Fe ratio of [Sr/Fe] = −0.99, which means that the 22 Ne neutron source had only a mild influence on the s-process that occurred in the former AGB companion.
Unlike in HE 0338−3945, we cannot reproduce the r-process pattern of HE 1405−0822 with the universal, main r-process pattern that does not vary from star to star and agrees with the scaled solar r-process pattern to within measurement uncertainties. If observational uncertainties are not the reason, this suggests that the origin of the heavy neutron-capture elements in the r+s star is more complex than previously expected. A possible solution is the s/r neutron-capture process suggested by Lugaro et al. (2012) , which is assumed be a single process with features similar to, or a addition of, the s-and the r-process. If this is true, it is expected to produce the positive correlations between Ba and Eu abundances in r+s stars, and maybe r-process patterns different from that of the Sun. However, this hypothesis still needs theoretical confirmation. In addition, we also cannot exclude the scenario in which the binary system formed from a gas cloud that was enriched with r-process material. However, this would imply that the enrichment event would have resulted in an abundance pattern that at least in some cases is different from the r-process pattern seen in the Sun and r-II stars.
From the C/N ratio of 14 observed in HE 1405−0822, it can be excluded with high confidence that HBB occurred in its former AGB companion. According to the evolutionary models of Karakas & Lattanzio (2007) , the former massive companion probably had an initial mass of less than 3 M ⊙ .
The enhanced sodium and magnesium abundances of the star can be fitted well by the AGB model of Bisterzo et al. (2010) , who highlighted that the primary 22 Ne mainly acted as a neutron poison in the 13 C-pocket of AGB stars with low mass and metallicity, which could directly result in a significant production of Na and Mg. Because [Mg/Fe] = 0.41 of HE 1405−0822 is very similar to the value seen in other field stars, a common origin of Mg, that is pre-enriched by SN II (Gehren et al. 2006; Andrievsky et al. 2010) , cannot be excluded.
The low aluminum abundance also supports the idea of a low-mass AGB companion of HE 1405−0822, which is consistent with the results obtained from the model of Bisterzo et al. (2010) . The light elements from calcium to zinc in HE 1405−0822 agree well with the scaled abundance distribution of these elements seen in CS 22892−052. This indicates that these elements originate from an ISM that was already well mixed at the time when these two stars formed. Table 5 . Line data, equivalent widths, and abundances from the analysis of HE 1405−0822. The most important atomic and molecular data, wavelength λ, excitation potential χ, log g f , equivalent width W λ , and abundances log ǫ are listed. 
